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Angle of attack, induced t, 
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A METHOD OF ESTIMATING THE KNOCK RATING OF HYDROCARBON FUEL BLENDS 
By NEWELL D. SANDERS 
SUMMARY 
The usefulness ?f the knock ratings of pure hydrocarbon 
compounds would be increased ij some reliable method ?f 
calculating the knock ratings of fuel  blends was known. The 
purpose of this study was to investigate the possibility of 
developing a method of predacting the knock ratings of f ue l  
blends. 
Two blending equations have been derived f r o m  a n  analysis 
based on certain assumptions relativc to the cause of fuel  knock. 
One of these equations may  be used fo r  calculating the knock 
limit of fuel  blends when tested in a supercharged test engine. 
This  equation indicates that the reciprocal of the knock- 
limited inlet-air density of a fuel  equals the weighted average 
of the reciprocals of the knock-limited inlet-air densities of the 
pure components. The same law applies when indicated 
mean e$ective pressure i s  used in place of inlet-air density. 
The second blending equation m a y  be used f o r  calculating 
the knock l imit  of fuel  blends when tested by critical-compression- 
ratio methods. The equation relates the blending character- 
istics offuels to the knock limits of the pure fuels and to blending 
constants that appear in the equation. 
The limited amount of experimental data available seems 
to be in agreement with the theory except in the case of benzene. 
Although the blending equatioris do ?Lot apply to all-fuels and the 
experimental data are not extensive enough to delineate the 
limits of applicability, i t  i s  believed that the analysis presented 
will be of assistance in understanding the relations that exist 
betwees the knock-testing of pure and of blended fuels.  
INTRODUCTION 
The knock ratings of a large number of pure hydrocarbon 
compounds have been determined and checked by several 
investigators. The value of these determinations has been 
limited by the fact that all practicable fuels used in spark- 
ignition engines consist of blends of many hydrocarbons, 
and the knock limit of fuel blends could not, in general, be 
calculated from knowledge of the knock limits of the pure 
components. This fact was illustrated by Love11 and 
Campbell (reference 1) when they showed that the various 
hydrocarbons do not exhibit the same blending relationships. 
The recent work reported in reference 2 likewise clearly 
illustrates that, t,he blending characteristics of fuel blends 
depend upon thc naturc of the components. 
Eastman (reference 3) has proposed an empirical formula 
for determining the knock ratings of fuel blends from the 
ratings of the pure components. The principal objection to 
this method is that it is highly empirical and does not give 
a clear picture of blending problems. 
The purpose of the present study is to investigate the 
possibility of developing a method of predicting the knock 
limits of fuel blends tested either by the supercharged-engine 
method or by the critical-compression-ratio method. I n  
this paper, fuel-blend tests by the critical-compression-ratio 
method rather than by the supercharged-engine method are 
emphasized because more complete data are available for 
them and a more involved analysis is required. 
REVIEW OF KNOCK-TESTING 
It is necessary to have the principles of knock-testing 
clearly in mind in order to undcrstand the prcscnt paper. 
A very brief review of these fundamentals is given here. 
Engine knock tests fall within two classes: critical-com- 
pression-ratio tests and supercharged-engine tests. I n  the 
critical-compression-ratio tests the fuel-air ratio, the jnlet- 
air pressure, and the inlet-air temperature are held constant 
and the compression ratio is raised until standard knock 
intensity is observed. The compression ratio a t  standard 
knock intensity is the measure of the knock limit of the fuel. 
In the supercharged-engine knock tests, the inlet-air 
temperature and the compression ratio are held constant 
and the inlet-air pressure is increased until standard knock 
intensity is observed. The indicated mean effective pres- 
sure or the density of air in the cylinder charge may be used 
as a measure of the knock limit of the fuel being tested. 
Changes of inlet-air pressure do not affect any of the 
cyclic temperatures; an increase of the comprcssion ratio, 
however, increascs the temperature a t  the end of compres- 
sion, the combustion temperature, and the end-gas tem- 
perature. The fundamental difference, therefore, between 
test methods employing the critical compression ratio and 
those in which the supercharged engine is involved is that  
the critical-compression-ratio tests measure the knock limits 
of fuels a t  varying end-gas temperatures whereas the super 
charged-engine tests measure the knock limits of all fuels a t  
tlie same end-gas temperature. (See reference 4.) 
BiEiu’DiXZ EQCATiGNS 
Some assumptions regarding the mechanism of knock 
have been made to provide a basis for deriving blending 
equations. In the following assumptions and derivations it 
was assumed that the blends and the components of the 
blends were tested at the stoichiometric fuel-air ratio. It 
is understood, of course, that all fuels and blends are tested 
under the same engine conditions. 
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where 
1. Knock is the result of the reaction of some intermediate 
products or agents during combustion. The nature of these 
products and the reaction between them are the same re- 
gardless of the fuel used. 
2 .  At any end-gas temperature, knock occurs when the 
mass of the knock-producing agents per unit volume reaches 
a given value. 
3. At any one end-gas temperature and for any one fuel 
component, the mass per unit volume of the knock-producing 
agent evolved by that component is directly proportional 
to the mass of the component per unit volume. 
4. At any one end-gas temperature, tlie mass per unit 
volume of the knock-producing agents is a function of the 
molecular structure of the fuel. 
5. The increase in temperature during combustion of all 
fuels or fuel blends under consideration is the same. 
DISCUSSION OF ASSUMPTIONS 
Assumption 1 is introduced in order that the knocking 
properties of fuels niay be treated as additive properties. 
Assumption 2 states the conditions under which knock is 
assumed to occur. 
Assumption 3 is introduced in order that the effect of 
blending on the generation of the knock-producing agent 
may be evaluated. The assumption states in effect that a 
unit mass of a particular component will generate a certain 
mass of knock-producing agent regardless of the other com- 
ponents in the blend. 
Assumption 4 permits consideration of the diff crcnces of 
knock limits of the fuel components. 
Assumption 5 is introduced in order that tlie knock limit 
of fuels may be related to engine-compression density and 
temperature instead of end-gas density and temperature, 
thereby simplifying the analysis. Many hydrocarhon fuels 
of current interest fulfill this condition, but some classes of 
fuels, notably alcohols and ethers, do not. 
DERIVATIONS 
If M is the mass per unit volume of the knock-prodiiring 
agent a t  the condition of incipient knock, then, because of 
assumptions 1 and 2 ,  the following equation may be written: 
where 
pl, pz, p3, . . . mass per unit volume of the knock agent pro- 
duced by each component under conditions 
a t  which the blend will linock 
It was explained in the section Review of Knock Testing 
that the end-gas temperatures are constant for supercharged- 
engine tests but vary with the critical comprpssion ratio of 
the fuel for critical-compression-ratio tests. 
From assumptions 3 and 4, the following relations hold for 
supercharged-engine knock tests: 
M=P1+Pz+Pa+ . . . (1) 
PI = k1DNi 
pL=kzDN2 
~3 = k3 DN, 
ol, p2, p3 mass of knock agent produced per unit volume 
by components 1, 2 ,  3, respectively 
VI, Nz, N3 mass fractions of components I ,  2 ,  3, respective- 
ly, in the fuel blend 
n total mass of fuel per unit volume 
'r,, k2, k3 quantity of knock-producing agent generated per 
unit mass by components I, 2 ,  3, respectively 
When the pure compound 1 is t'ested, the knock-limited 
density of fuel in the charge is D, and 
Therefore 
and 
Similarly 
and 
Substitute these values of pl, p2, p3, . . . in equation (1). 
Equation (3) is the blending equation applicable to knock 
tests with supercharged engines as limited by the original 
used instead of the fuel densities for values of D, D,, D2, D3, 
. . . because the compression ratio and the 'fuel-air ratio 
are the same in all cases. The relation given in equation (3) 
may be expressed in words as follows: The reciprocal of the 
knock-iimited iniet-air density ot a he1 blend tested by a 
supercharged-engine method is the weighted average of the 
reciprocals of the knock-limited inlet-air densities of the 
pure components. 
The same law applies when the indicated mean effective 
pressure is used in place of the inlet-air density because they 
are proportional under the conditions of supercharged-engine 
knock tests. The following equation is applicable to these 
tests: 
RfEuEptinnc. Tl?? kr?!xE:-!imit~d iclet-zir decsities rr,ay bc 
+. . . NZ N3 +--++-;--- 
imep (imep), (imep), (imep), 
N, - 1 
where 
imep knock-limited indicated mean effective 
pressure of tlie fuel blend 
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(imep),, (imep)z, knock-limited indicated mean effective 
pressures of components 1 ,  2 ,  3 ,  respec- 
tively, when tested individually 
(imep), 
Nil Nz, N3 mass fractions of components 1, 2, 3 ,  re- 
spectively, in the fuel blend 
In  the case of critical-compression-ratio knock tests, the. 
inlet-air density is held constant and the compression ratio 
is changed. The charge density at the end of compression 
is therefore proportional to the compression ratio. An equa- 
tion similar to equation (2) may be used for relating pl to 
the compression ratio instead of to the mass of fuel per unit 
volume. The value of ICl, however, varies with the compres- 
sion ratio because the compression temperature varies with 
the compression ratio. In  order to account for the variation 
of k ,  with the compression ratio, the following relation be- 
tween p 1  and compression ratio R is assumed: 
(4) 
A,, B, constants characteristic of fuel 1 and the engine oper- 
Similarly 
and 
where 
ating conditions 
pz = (A2 + BzR) Nz 
~3 = (A3 + B3R) N3 
A2, B,, A3, B3 constants characteristic of fuels 2 and 3 ,  re- 
spectively, and the engine operating con- 
ditions 
Substitute these values in equation ( 1 ) .  
M=N1 (A,  + BiR) + n/; (A,  + Bz R) + N a  (A3 + BaR) + . . . ( 5 )  
The value of A,  may be determined by letting N l = l ,  Nz=O, 
N3=0, and R=RI when R, is the critical compression ratio 
of fuel 1 when tested individually. 
M=Al+ BiRl 
Ai= M -  BiR1 
Likewise 
and 
A2= M -  BzR2 
A3= M- B3R3 
Substitute these values in equation ( 5 ) .  The following 
equation is obtained: 
A T R R  I A T R R  ! A T R R L  , . . 
~ v l ~ l ~ * l  I AvP'ZL*2 I L 7 3 U 3 1 Y 3  I 
(6) N ~ B I + N z & + ~ ~ & +  - R= 
Equation (6) is the blending equation applicable to 
critical-compression-ratio knock tests. 
The quantities B1, Bz, B3, . . . are named blending con- 
stants. Each fuel has a blending constant, the value of 
which is independent of the other fuels in the blend and is 
determined by the critical compression ratio of the fuel and 
the rate of change of knock limit with inlet-air temperature. 
737532-47--2 
I n  the case of two-component blends, N2=1-Nl and 
equation (6) becomes: 
(7) 
which is the equation of an equilateral hyperbola asymptotic 
to 
N = B T = N "  B2 
2 -  1 
and 
where 
Nu the value of Nl at  the asymptote 
R, the value of R at  the asymptote 
The asymptotic form of equation (7) is 
(R-Ra) (Na-Ni) =N,(R2-RJ (8) 
In  equations (6) and (7) the absolute values of the con- 
stants are not required, but the relative values must be 
known. If one compound is assigned an arbitrary value of 
the constant, the values of the constants for all other com- 
pounds are fixed. The value of B for other compounds may 
be found by determining the critical compression ratio of 
the pure compound and of one blend of the compound with 
another compound whose blending constant is known. 
These values may be used in the blending equation and the 
equation solved for the value of the unknown blending 
constant. When the relative values of B for all compounds 
have been determined, the knock limits of all blends may 
be computed from the blending equation. 
GRAPHICAL SOLUTION 
A chart may be constructed suitable for graphical deter- 
mination of the blending characteristics of fuels when tested 
by a critical-compression-ratio method. Equation (7) may 
be put into the following form: 
F=RG (9) 
where 
F= N1 (BlR1- B2R2) +B82 
G=Nl(B,-Bz) +B2=NiBi+ (1-Nl)Bz 
If R is held constant, F is proportional to G. In  figure 1 ,  
the value of F has been plotted against the value of 0 for 
values of R between 2 and 15. The abscissa G is actually 
the weighted average value of B1 and Bz (see equation (9)) 
for the mixture, and the abscissa has therefore been marked 
0 or B. The positions of all compounds whose critical com- 
pression ratios and blending constants are known may be 
plotted on the chart. 
All points representing blends of two components will lie 
on a straight line joining the two components because F and 
G are linear functions of N ,  and, consequently, F is a linear 
function of G. Furthermore, a point representing any blend 
of the two components will divide the line in the same ratio 
as that in which the components exist in the blend. A mix- 
I 
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ture composed of 60 -percent isooctane and 40-percent 
n-heptane, for example, will be on the straight line joining 
the two components and the point will be 60 percent of the 
distance from n-heptane to isooctane. The basis for the pro- 
portional division comes from the fact that G (or B) is a 
linear function of Nl and that the blending equation is linear. 
Blending consfant, B o r  G 
Wrnrrnr 1 --Knn&-hmlt phert fnr fizel h!op& l a  9. T ?I (>!ctc:) ?.l-tho:! 2 ; : ~  )r=.:,?, 
R=critical compresslon ratio, B= blending constant, F=constant 
EXPERIMENTAL DATA 
Experimental verification of the supercharged-engine 
Heron and Beatty reported in reference 5. Reference 5 
shows that, if the reciprocal of the knock-limited indicated 
mean effective pressures of blends of reference fuels are 
plotted against the octane numbers of the blends, the data 
will fall on a straight line. Figure 2 illustrates this relation- 
ship. The fact that the data fall on a straight line confirms 
equation (3). 
Tests on a supercharged CFR test engine were run a t  the 
Aircraft Engine Research Laboratory of the National 
Advisory Committee for Aeronautics for the purpose of 
testing the blending equation. Figure 3, which is similar to 
figure 2, is a cross plot from full mixture-response curves on 
various blends of $2 and M-3 reference fuels. The figure 
shows that the data a t  rich and lean mixtures follow the 
reciprocal law. 
hlnnrl;n,-+ n n 7 1 n t ; ~ n  /nm,,,t:,, /? \ \  . +,I - - -  L.-- C L .  1- - 2  
V'VYUALL~ u y - w u * v * ~  \ v y u r u u l v r l  L U J )  U'bAG;IIl I I V l l l  U l l G  W U l l \  U l  
f 20 / 40  /60 
Ocfone number 
(Percenfoge isooctane in blends w i t h  n -heptane/ 
FIGURE l.--Supcrcharged knock ratings of blends of isooctane and n-heptane, l i .6 engine. 
(Data from fig. 5 of reference 5.) 
FIGURE 3.-Supercharged h o c k  ratings of blends of 5-2 and M-3 reference fuels. CFR 
engine; bore, 3% inches; engine speed, Moo rpm; spark advance, 35' B. T. C . ;  compression 
ratio, 7.0; coolant inlet temperature, 250° F; inlet-air temperature, 250° F. 
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Data for verifying the hyperbolic blending relationship of 
n-heptane and isooctane when tested by critical-compression- 
ratio methods are taken from references 2 and 6. Reference 
2 shows that the critical compression ratios of blends of 
isooctane and n-heptane, when tested by the 9. S. T. M. 
(Motor) Method, fit the following equation : 
where 
N percentage of isooctane in blend 
H height of compression chamber, inches 
The value of N was given on a volumetric basis but, 
because the densities of the components are practically 
equal, N may be used as the mass fraction. 
The length of the engine stroke was 4.5 inches, and there- 
fore the relation between compression ratio R and H is 
If H is eliminated from this equation and from the pre- 
ceding equation, the following equation is obtained : 
This equation is that of an equilateral hyberbola asymp- 
totic to R=3.3  and N=125.  The relation between octane 
number and critical compression ratio is shown in figure 4. 
The curve was drawn from the preceding equation and the 
data points were taken from reference 2. The data from 
figure 4 are replotted in figure 5 with octane number as the 
abscissa and the reciprocal of R-3.3 as the ordinate. The 
fact that the data fall on a straight line is confirmation of the 
hyperbolic blending relationship. Knock-test data on iso- 
octane and n-heptane us reported in reference 6 are given 
in figure 6. The data were obtained by the CFR (Research) 
Method. The reciprocal of R-4.2 is plotted against the 
octane numbcr. The data fell on a straight line, the inter- 
i 4 
3 I 
I00 
Octone number 
FIGURE 4.-Blending characteristics of 2,2,4-trimethylpentane and n-heptane, A. S. T. M.  
I 
(Motor) Method. (Data calculated from reference 2.) 
cepts of which.are 120 and 1.53. 
the following equation: 
The data, therefore, fit 
(R-4.2) (120-A7)=78.3 
The asymptotes to the hyperbola represcnting the preced- 
ing equation are 4.2 and 120 as compared with 3.3 and 125 
obtained from the A. S. T. M. (Motor) Method tests. It is 
concluded that the asymptotes of the blending hyperbola 
change with changing engine conditions. 
&tune number 
data in figure 4.) 
FIGURE 5.-Blending characteristics of 2,2,4-trimethylpentane and n-heptane. (Replot of 
FIGURE 6.-Critical-compression-ratio data for isooctane and n-heptane mixtures by the 
CFR (Research) Method. (Data calculated from reference 6.) 
~ 
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Hydrocarbon 
_--_ 
Figure 7, plotted from data in reference 2, shows that the 
following blends also have hyperbolic blending character- 
istics : 
n-heptane and 2,3-dimethylbutane 
n-pentane and n-octane 
n-heptane and 2,4-hexadiene 
2,2,4-trimethylpentane and cyclohexane 
n-heptane and cyclohexane 
The following blends do not follow the hyperbolic rela- 
tionship : 
n-heptane and diisobutylene 
n-heptane and benzene 
n-heptane and toluene 
Octane number of 50-50 blend 
Octane num- in isooctane 
herofpure _ _ _ ~  
fuel Calculated Exwrimental 1 
___- -____- 
o n - Hep f one and 
5 3  - dimefbyfbutane 
D n-Penfane and n-octone 
89 2-methylbutane ___.__ - - - - - - - - .__ -  
cyclohexanr . . . 
u-pentane- - ..__ ~ .- .- __-------._---- 
2,3-dimethylhutanP . ~ _.--- ~ --.- _- - -  
- - - -. . - - - _ _  -._ - -. 
0 20 40 , 60 
94 93 
79 79 
97 97 
85 84 
Percentage by volume 
FIGURE 7.-Test of hyperbolic blending relation for knock ratings of fuel blends by A. S. T. M. 
(Motor) Method. (Data calculated from reference 2.) Equation of hyperbola: 
( R - X ) ( Y - N ) =  W; where R, compression ratio; N, percentage of first component in 
blend; X, Y, and W, constants. 
The blending characteristics of these three families of blends 
are shown in figure 8. The data were calculated from refer- 
ence 2. The data for n-heptane and diisobutylene are irreg- 
lar, and i t  is possible that there is a break in the blending 
characteristics of the compounds. 
The blending characteristic of benzene and n-heptane 
between 0 and 90 percent of benzene in the blends is hyper- 
bolic. The rating of pure benzene does not fit the hyperbolic 
relation. 
Percentage by volume 
FIN-RE 8.-Blending characteristics of diisobutylene, benzene, and toluene in n-heptane. 
(Data calculated from reference 2.) 
The invariance of the blending constant B may be tested if 
the blending relationships among three compourlds are 
known. The method is explained by an example: The knock 
rating of pure cyclohexane is 77 and the knock rating of a 
blend of 50-percent cyclohexane and 50-percent n-heptane is 
51. From these data, the value of B for cyclohexane was 
calculated. The knock rating of a blend of 50-percent cyclo- 
hexane and 50-percent isooctane was calculated and found to 
be 84.6, which is a good agreement with the experimental 
value of 84. This fact shows that the value of B was the 
same for cyciohexane in biencis with n-heptane or isooctane. 
The ratings of 50-percent blends of isooctane with the 
compounds listed in the following table have been calculated 
from the ratings of the pure compounds and of the 50-percent 
blends with n-heptane. The calculated ratings and exper- 
imental ratings are listed. 
1 Data from reference 5. 
The average deviation of the calculated values from the 
observed values is 0.5. This close agreement between cal- 
culated and experimental values shows that B is invariant 
for the four cases. This conclusion may not hold for tests 
a t  other engine conditions. 
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The compounds listed in the preceding table are shown in 
figure 1. I n  addition to these compounds, benzene (refer- 
ence a ) ,  cyclopentane (reference 6), and n-propylbcnzene 
(reference 6) are shown. Reference 7 gives the blending 
octane number based upon 20 percent of the conipouricl in 
n 60-40 mixture of isooctane and n-lirptaiie. The values of 
the blending constant for cyclopentane aiid n-propylbcnzene 
w ( w  calculated from this blending octane number. 
DISCUSSION 
Limitations.-The following limitations must be observed 
in the use of the blending equations: 
1. The blending formula does not apply to fuels with 
heating values that differ greatly from tlie heating value of 
the commonly used hydrocarbon furls. (See assumption 2.) 
2 .  All fuels and blends niust be tested a t  the stoichio- 
metric fuel-air ratio. Test data indicate that the blending 
equation may be valid when all fuels and blends are tested 
with the same percentage of excess fuel. 
3. Thr bleiitlirig forinulu docs not apply to leacletl or 
otlierwise doped fuels unless the concentration of antikiiock 
tlopc is the same in all componcnts. This restriction is 
necessary because of assumption 3. 
4. Certain fuels may not show continuous variation of 
knock limit with temperature. For some of the blends wi th  
such fuels, the blending equation is invalid. 
Blends of gaso1ines.--Use of the blending equations is not 
restricted to pure compounds. Mixtures such as gasoline 
may be used in the blending equations in the identical man- 
ner in which pure compounds are used. The rating of the 
mixture may be found as well as the value of the blending 
constant for the mixture. 
Justification of assumptions. -The close agreement be- 
tween calculated knock ratings of fuel blends and experi- 
iiiental knock ratings does not necessarily prove the correct- 
ness of the assumptions. The assuniptions are, however, 
compatible with tlie data presented in this report. 
In  the derivation of the blending equation for critical- 
compression-ratio tests, the production of knocking agent by 
fuels was assumed to be in accordance with equation (4). 
This particular form of equation was assumed because a 
simple blending equation could be derived from it. The 
justification for equation (4) lies in the accuracy of tlie 
results obtained from the blending equation derivable there- 
from. 
Application to leaded fuels.-The blending equation can- 
not be applied directly to leaded fuels except in special cases. 
Data reported in reference 5 show that the blending equation 
is valid for blends of isooctane plus 4 ml of tetraethyl lead per 
gallon and for n-heptane plus 4 ml of tetraethyl lead per 
gallon. Although isooctane and n-heptane show the same 
percentage increase in 1;nock-limited power with this addi- 
tion, some fuels do not. Blends with sucli compounds may 
not be in accord with the blending equation. 
Expressions of blend composition.-The blending equa- 
tions have been derived assuming that the fuel composition 
is expressed on a weight basis. The blending equations (3) 
and (6) are equally valid when the blend compositions are 
expressed on a volume basis provided that the volume of the 
blend equals the sum of the volumes of the pure components 
and that the densities of the components are approximately 
equal. 
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D Diameter 
Veiooitiee --. Axis Moment about axie 
- 
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P 
W r 
Form 
(parallel 
Deoignation 'E- &% Designation B E -  
LOngittldinsl------ X X Rolling ____-__ L 
Lateral ---------_--___ Y Y -Pitching ______ M 
Normal---------- 2 Z Yawing---.,-. N X-Y Yaw-------- 
4. PROPELLER SYMBOLS 
P Power, absolute coefficient Op=- P pnW p Geometric pitch 
pv6 plD Pitch ratio V' Inflow velocity, C, - Speed-power coefficient = Jm 
V, Slipstream velocity 
2' Thrust, absolute &efficient OF=- T n Revolutions per second, rps 
rl Efficiency 
pnW , C I  . . 
cp Effective helix angle=tan-' - 
- Q Torque, absolute coefficient C,=- Q ( 2mn " )' pn2D 
- 5. NUMERICAL RELATIONS 
1 hp-76.04 kg-m/s=550 ft-lb/sec 
1 metric horsepower=0.9863 hp 
. 1 mph=0.4470 mps 
1 mps=2.2369 mph 
1 lb=0.4536 kg 
1 kg=2.2046 Ib 
1 mi= 1,609.35 m=5,280 f6 
1 m=3.2808 f t  - 
@ 
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